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 In this research work, wear of steel was studied under different loading and sliding 
conditions. A twin-disc tribometer was designed and built for studying wear of steels under 
combined rolling and sliding contact. The samples were made from 1060 steel in the form of 
circular discs and heat treatment was performed to attain hardness of ~330 HV. Thirteen sets of 
experimental conditions were made from six different normal loads and three different slip speeds. 
Experiments were split into eight intervals and run for a constant sliding distance of 1500 m. Wear 
track width was measured through image processing using which wear volume was estimated. 
Archard’s wear law was applied for the estimation of wear rates. The results demonstrate that 
experiments with lower slip speed has higher wear rates when compared to the experiments with 
higher slip speed. This indicates that for a constant sliding distance, slower the sliding under a 
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CHAPTER 1: INTRODUCTION 
Railway transportation is one of the most used modes of transportation in the world today. 
Due to technological advancements, today’s trains are running at very high speed and carrying a 
huge amount of load. Though the high speed and huge load capacity are inevitable, the issues 
caused by this high speed and huge load cannot be ignored. Wear of rail and wheel materials is 
one of the main issues faced by the rail industry today. The high contact stress resulting from high 
speed and high load causes the rail and wheel materials to wear away rapidly. In addition to causing 
a huge replacement cost of worn materials, there are threats of catastrophic failures such as 
breaking of rails or wheels due to wear induced micro-cracks formation and derailments. Thus, the 
study of wear of rail and wheel is indispensable for better wear reduction, prediction and 
prevention of avoidable failures. 
Many laboratory research works have been done for understanding the wear behavior of 
rail and wheel in the past [1 – 3]. There has also been extensive research on finding relationship 
between the microstructure and the wear resistance of steels. It has been agreed upon that changes 
in the microstructure both influence the wear and are influenced by the wear [4-11]. Recently, 
bogie manufacturers have adopted iterative simulations capturing the dynamic loading of wheels, 
the contact mechanics and the wear behavior [12, 13]. These simulations require better wear 
models to predict the wear behavior more accurately [14].  Additionally, Artificial Neural networks 
(ANN) also have been adopted for the prediction of wear behavior of materials and the data 
collected from wear experiments are used to train, validate and test these neural networks [15]. For 
developing better wear models and training ANN, there is a pressing need for a large amount of 
data collected from experiments conducted at highly controlled platform with a wide range of 
contact pressures and slip speeds.  
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Around the world, researchers use twin disc tribometers for research on rail and wheel 
materials [16-18]. Twin disc tribometers are well suited for studying combined rolling and sliding 
contact. For this research work, a highly controlled twin disc tribometer was newly designed and 
built. Wear study was conducted specifically on steels used in China. The chapter 2 in this 
document describes about the detailed design of the tribometer. After the twin disc tribometer was 
built and tested, a set of 13 experiments with normal loads varying from 70 N to 353 N and slip 
speeds of 1, 3 and 5 % were conducted and the data collected were analyzed. The chapter 3 
describes all about the materials and methods used in this research and the chapter 4 presents all 
results and discussion from the experiments. Finally the chapter 5 details the conclusion arrived 





CHAPTER 2: TWIN DISC TRIBOMETER  
The nature of contact at the interface between rail and wheel is combined rolling and 
sliding. Thus, twin-disc tribometers are predominantly used by researchers around the world to 
study wear of rail steels. For our research work, a laboratory scale highly controllable twin disc 
tribometer was designed and built. This chapter describes the design specifications and the key 
features of the tribometer.  
2.1 DESIGN OF TWIN DISC TRIBOMETER  
The twin disc tribometer was designed in SolidWorks through the application of 
fundamental principles in mechanical engineering and tribology. Further, multiple design 
iterations were considered before arriving at an optimal design of the tribometer from a 
manufacturing standpoint. The final design of the tribometer is as shown in Figure 1.  
Figure 1. Solid model of full design 
The tribometer has two DC motors which were selected on the basis of maximum 
experimental speed and torque requirements and the ease of speed control. A pneumatic cylinder 
is used to apply the required normal force. The pressure inside the cylinder corresponding to the 
required normal force is set by a pressure regulator manually. The motor (labeled motor 2 in 
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Figure1) on the pneumatic cylinder side is named as the Loading side motor (ML) while the other 
motor (labeled motor 1 in Figure 1) is named as the Operator side motor (MO). One end of the 
shaft of a torque sensor is connected to the Operator side motor’s shaft using a rigid coupling. The 
other end of the torque sensor shaft is connected to an extension shaft using a flexible coupling 
which accommodates any misalignment that may be present between the motor shaft and the 
extension shaft. The Loading side motor is directly connected to an extension shaft using a flexible 
coupling.  
Mounted sleeve bearings are used to support the extension shafts. These bearing have 
removable tops which makes the loading and unloading of the samples easier. The samples are 
mounted on the extension shafts. The independent speed control action of the two motors is 
achieved through two micro-processor based controllers. The feedback to the controllers is 
obtained through speed encoders fitted at the end of extension shafts 
The data acquisition devices are the load cell, torque sensor and the speed encoders. 
Loadcell is used to measure the applied normal force while the torque sensor is used to measure 
the frictional torque generated by the difference in the speeds between two samples. The other 
components are the custom-designed plates which connect the standard components like motors 
and shaft to the 80-20 frame. Figure 2 shows the fully fabricated tribometer.  
Figure 2. Fully fabricated tribometer 
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CHAPTER 3: MATERIALS AND METHODS 
 This chapter describes the experimental samples, conditions and procedure. Additionally, 
there is also a discussion of how the wear rate and other quantities and their associated uncertainties 
are estimated.  
3.1 SAMPLE PREPARATION  
The CL-60 steel is used in Bogie wheels in China [3]. 1060 steel from USA has similar 
composition to CL-60. Thus, the samples were made from 1060 steel which has the composition 
given in Table 1.  Samples were prepared by machining a circular wheel to 86 mm diameter 
followed by heat treating it to achieve the hardness of ~330 HV and finally machining it again to 
84 mm. The final geometry of the samples is shown in Figure 3. 
Table 1. Composition of 1060 steel 
Steel Name C Mn P S 
1060 0.55-0.66 0.6-0.9 ≤0.04 ≤0.05 
 




3.2 HEAT TREATMENT OF SAMPLES  
 The pre-machined (86mm diameter) 1060 steel samples were austenitized at 1113K in a 
Blue M box furnace. The samples were held at the temperature for 25 minutes to completely 
transform the microstructure to austenite phase according to the structures identified in the 
isothermal transformation diagram for 1060 steel. The austenitizing temperature was adopted from 
the previous work on medium carbon steel [19]. The austenitized samples were then tempered in 
a Lindberg salt bath furnace maintained at 823K and were soaked for 2 minutes followed by 
quenching in cold water. The soaking time and temperature were obtained from the TTT (Time-
Temperature transformation) diagram of 1060 steel (Figure 4) to obtain the desired hardness 
values.  
Figure 4. TTT diagram for 1060 steel  
To measure the surface hardness, the heat-treated samples were mechanically polished 
using silicon carbide paper to remove the oxide scales. The polishing was performed up to fine 
grit size to remove deep scratches. The hardness values were obtained from two techniques: 1) 
LECO micro-Vickers hardness tester using a 136° diamond pyramidal indenter, under 1kg load, 
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and 2) Rockwell B hardness tester using a 1/16” steel ball under 100 kg load. The hardness 
measured on the surface of the samples was ~335 HV.  
Finally, samples were machined into their final shape of a disc of 84 mm diameter with a 
42-mm radius of curvature on the treads. This was done to remove any scale from the heat 
treatment and so that the contact pressures experienced in heavy-haul (P ≤ 1.2 GPa) can be 
achieved under a load of ~350 N. A sample cross-section of the material structure is shown in 
Figure 5. When not being tested, all samples were stored in sealed plastic bags with color-changing 
desiccant to prevent oxidation.  
Figure 5. Pearlite domains in the 1060 steel achieved through austenitizing at 1113K for 





3.3 EXPERIMENTAL MATRIX  
 An experimental matrix was created based on three slip speeds and six normal loads. These 
normal loads correspond to Hertz contact pressures of ~0.5-0.9 GPa at the beginning of 
experiments. Table 2 shows the final experimental matrix. The relationship between normal force 
and Hertz contact pressure can be found in Appendix A. 
Table 2. Experimental matrix 
Slip\Load 70.1 N 104.6 N 149.0 N 204.3 N 272.0 N 353.1 N 
1% 1 11 9 5 10 3 
3% 7 12 8 6 X X 
5% 2 13 4 X X X 
In the table above, the numbers in the boxes indicate the order in which the experiments 
were done. X in the boxes indicate the experiments which were not done due to the limitations of 
gear motors. When these conditions were attempted, the true conditions ended up replicating that 
of lower slip because the faster motor drove the slower regardless of the lower input speed.  
3.4 EXPERIMENTAL PROCEDURE 
 The first step of an experiment was to mark positions on the samples for measurement. 12 
positions were marked on each sample as shown in Figure 6. After the corresponding positions 
were marked on the samples, they were assembled on the twin disc tribometer. The sample 
mounted on the operator side motor was named as operator side disc and the sample mounted on 
the loading side motor was named as loading side disc. Before starting the experiment, images of 
the samples were taken on positions numbered 3,6,9 and 12. Following the capture of images of 
positions on samples, the experimental conditions were set according to Table 3. The two 
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experimental parameters are the slip speed and the normal load. The desired slip speed was set by 
setting corresponding speeds on the operator and loading side motors.  
The slip % is defined as   
( )
1 1 2 2













1  is the Operator side motor’s speed  
2  is the Loading side motor’s speed 
1r  is the radius of the Operator side disc’s radius  
2r  is the radius of the Loading side disc’s radius  
 
Figure 6. Position numbering 
The normal load was set manually by adjusting a pressure regulator corresponding to the 
desired load. All the experiments were run for a constant sliding distance of 1500 m. The total 
duration of the experiments varied depending on the slip speeds. To capture how wear progresses 
over time, the experiments were split into eight intervals and after each interval the experiments 
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were stopped, and images of the samples were taken for the measurement of wear tracks. Table 4 
shows the duration of each interval of the experiments.  












1 70.1 135 136 4.40 94.74 
2 70.1 135 142 30.79 13.53 
3 353.1 135 136 4.40 94.74 
4 149.0 135 142 30.79 13.53 
5 204.3 135 136 4.40 94.74 
7 70.1 135 139 17.59 23.68 
8 149.0 135 139 17.59 23.68 
9 149.0 135 136 4.40 94.74 
10 272.0 135 136 4.40 94.74 
11 104.6 135 136 4.40 94.74 
12 104.6 135 139 17.59 23.68 










Table 4. Duration of experiments depending on the slip %  
Logarithmic interval 1% slip 3% slip 5% slip 
1% 0.95 (57 minutes) 0.24 (14 minutes) 0.14 (8 minutes) 
2% 1.83 0.46 (27 minutes) 0.26 (16 minutes) 
4% 3.53 0.88 (53 minutes) 0.5 (30 minutes) 
7% 6.82 1.7 0.97 (58 minutes) 
14% 13.16 3.29 1.88 
27% 25.42 6.35 3.63 
52% 49.07 12.26 7.01 
100% (Total test time) 94.74 23.68 13.53 
 
3.5 WEAR MEASUREMENT  
 As an experiment progressed, the samples were wearing out at the contact between them. 
This resulted in the formation of wear track along the circumference of the samples. Wear track 
width was measured by image processing. Wear track was assumed to be flat and wear volume 
was estimated from the wear track width using the correlation which can be found in Appendix B. 
Wear volume from wear track width measurement was chosen over the direct measurement of 
mass loss using a weighing balance because, the process of sample removal and subsequent 







=                                                                                                  (Equation 1) 
 a is wear track width whish was measured using ImageJ software.  
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3.5.1 WEAR TRACK WIDTH MEASUREMENT USING IMAGEJ 
 First, the image captured on a position on a disc was opened in ImageJ software. The 
thickness of the disc measured by a Vernier caliper on the position was given as known distance 
input (Figure 7). Following this, a line was drawn connecting the end points of the wear track on 
the disc. Finally, using Measure option in the software, the width of wear track was measured 
(Figure 8).  







Figure 8. Measuring wear track width 
3.6 WEAR RATE ESTIMATION  
3.6.1 ARCHARD’S WEAR RATE  
 Archard’s wear law was followed for wear rate estimation. The law states that the wear 
volume lost is directly proportional to the applied normal load and the sliding distance covered. 
The constant k, called as Archard’s wear rate relates the wear volume to the normal load and the 
sliding distance.  
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Figure 9. Wear volume vs Load x slip distance plot and wear rate for experiment 1 
In this case, since the experiments were done in intervals, the following method was used 
to arrive at wear rate for each disc. The first step was to calculate the wear volume loss for each 
interval from the wear track width. After that, average normal force was calculated for each 
interval which was then multiplied with the corresponding sliding distance. After all these, a xy 
graph was plotted with wear volume on the y-axis and the normal force multiplied with sliding 
distance on the x-axis. There were eight points corresponding to eight intervals. It was observed 
that the first four points fit into a line with a slope while the next four points fit into another line 
with a slightly different slope. The slopes of the lines are called run-in and steady state wear rate 






3.6.2 UNCERTAINTY IN WEAR RATE 
 As mentioned earlier, the wear rate is the slope of wear volume vs force x sliding distance 
plot. Since the wear rate is based on the measurement of wear volume, normal force and the sliding 
distance, uncertainty in those measurements causes some uncertainty to the wear rate as well. Thus, 
finding the uncertainty in the wear rate is essential and it was done by the following method.  
Figure 10. Monte Carlo simulation results 
First, error bars from uncertainty values were made on both x and y axes. For y-axis, the 
uncertainty in the wear volume was found based on the uncertainty in the measurement of wear 
track width which is the standard deviation of wear track width measured on the positions 
numbered 3, 6, 9 and 12 on the samples. For x-axis, combined standard uncertainty of force and 
sliding distance was found from the individual uncertainty of force and sliding distance. For force, 
the uncertainty is the standard deviation of force values from load cell throughout an interval. The 
uncertainty of sliding distance was assumed to be 10 % of sliding distance. After error bars were 
obtained from uncertainty values, 100000 simulated sets of wear data points were created based 
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on random error assignment to these data points. Fitting was done for each set of data resulting in 
100,000 wear rates. Thus, the final wear rate is the average of these 100,000 wear rates and the 











CHAPTER 4: RESULTS AND DISCUSSION 
 As discussed in the previous chapter, 13 experiments were done as per the conditions in 
the experimental matrix (Table 2). In this chapter, the detailed stepwise results from experiment-
1 are initially listed followed by a summary of final results from the remaining experiments. There 
is also a discussion on the wear trend.  
 4.1 RESULTS – EXPERIMENT 1  
4.1.1 WEAR TRACK WIDTH AND WEAR VOLUME  
 Two samples were used in experiment 1. The normal force applied was 70.1 N and the slip 
% between two samples was 1. The slip was set by running the operator side motor at 136 RPM 
while running the other motor at 135 RPM. The experiment was divided into eight intervals and 
duration of the each interval was set according to Table 4. After each interval, experiment was 
stopped and images of the both samples were taken in four positions numbered 3, 6, 9 and 12. 
Figure 11 shows how the wear track progresses over intervals for the operator side disc. Figure 12 
shows the wear track progression for the loading side disc.  




Figure 12. Images taken on position 3 over eight intervals on the loading side disc during 
experiment 1 
 Average of wear track width values measured on the four positions was found for each 
sample after each interval. This average value was used to estimate wear volume of each interval 
using equation 1. Table 5 lists the wear track width and wear volume values for both the operator 
and loading side samples for all intervals.  
Table 5. Wear track width and Wear volume values for experiment 1  
 
Intervals 
Wear track width (mm) Wear volume (mm3) 
Operator side disc Loading side disc Operator side disc Loading side disc 
1 1.28 1.15 1.09 0.80 
2 1.42 1.35 1.51 1.28 
3 1.81 1.71 3.10 2.60 
4 2.25 2.24 5.93 5.89 
5 3.09 3.08 15.52 15.30 
6 4.43 4.39 45.51 44.31 
7 5.53 5.38 88.50 81.33 





4.1.2 UNCERTAINTY OF WEAR VOLUME  
 Once wear volume was calculated, its uncertainty was found by following the law of 
propagation of uncertainty. As mentioned earlier, wear volume can be correlated with wear track 
width as the following.  






=   
 Then the uncertainty of wear volume ( ) ( )
V





   
Where: 
a is the wear track width  
( )u a  is the uncertainty of wear track width, which is the standard deviation of wear track width 
values measured on four positions.  
Table 6. Wear volume uncertainties of operator side disc for experiment 1 




(mm2) ( )u V (mm
3) 
1 1.28 1.09 0.05 2.56 0.13 
2 1.42 1.51 0.15 3.18 0.49 
3 1.81 3.10 0.06 5.13 0.33 
4 2.25 5.93 0.23 7.92 1.86 
5 3.09 15.51 0.22 15.04 3.35 
6 4.43 45.48 0.23 30.80 7.05 
7 5.53 88.45 0.38 47.99 18.41 




Table 7. Wear volume uncertainties of loading side sample for experiment 1 




(mm2) ( )u V (mm
3) 
1 1.15 0.80 0.04 2.09 0.09 
2 1.35 1.28 0.08 2.85 0.22 
3 1.71 2.60 0.16 4.57 0.75 
4 2.24 5.89 0.15 7.88 1.18 
5 3.08 15.29 0.24 14.90 3.63 
6 4.39 44.29 0.34 30.26 10.24 
7 5.38 81.29 0.51 45.37 23.31 
8 7.25 199.10 0.49 82.43 40.32 
 
4.1.3 UNCERTAINTY OF NORMAL FORCE X SLIDING DISTANCE  
 The normal force was measured by load cell throughout the experiment. The desired sliding 
distance was covered by running the experiment for the corresponding time based on the slip %. 
For each interval, the uncertainty of normal force times sliding distance was calculated in the 
following method. Let us say C = F x d  
Now uncertainty of C is defined as  
 
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
2 2
2 2 2
2 2 2 2 2
2 2 2 2
C C
u C u F u d
F d
u C d u F F u d
u C d u F F u d
    
=  +    
    
=  + 





( )u C  is the uncertainty of F x d over an interval  
F is the average normal force over the interval  
d is the sliding distance covered over the interval  
( )u F  is the uncertainty of average normal force over the interval which in this case is the 
standard deviation of normal force values measured over that interval 
( )u d  is the uncertainty of sliding distance covered over the interval which in this case was 
assumed to be 10% of the sliding distance covered 
Table 8. Uncertainty of Force x sliding distance for experiment 1 
Intervals F(N) ( )u F (N) d (m) ( )u d (m) F x d (Nm) ( )u C (Nm) 
1 91.89 1.11 15 1.5 1378.42 138.85 
2 92.52 1.92 30 3 2775.49 283.44 
3 94.28 5.26 60 6 5657.01 647.77 
4 91.80 1.07 105 10.5 9638.78 970.42 
5 87.76 1.75 210 21 18428.70 1879.20 
6 85.09 1.84 405 40.5 34459.53 3525.65 
7 91.55 1.02 780 78 71408.98 7184.79 





4.1.4 WEAR VOLUME VS NORMAL FORCE X SLIDING DISTANCE PLOT  
Wear volume values were plotted against normal force multiplied by the sliding distance 
for all the intervals. It was observed that the first four values followed a trend line and the 
remaining four values followed another trend line. The slope of the first trend line was named as 
the run in wear rate while the slope of the second trend line was named as the steady state wear 
rate. Figure 13 shows the plot for the operator side disc and Figure 14 shows the plot for the loading 
side disc. The error bars in both the plots were obtained from the uncertainty values of wear 
volumes and normal force x sliding distance values.  
 
Figure 13. Wear volume vs Force x Sliding distance plot for the operator side disc. The slope of 






Figure 14. Wear volume vs Force x Sliding distance plot for the loading side disc. The slope of 
the first trend line is the run-in wear rate and the slope of the second trend line is the steady state 
wear rate 
4.1.5 UNCERTAINTY OF STEADY STATE WEAR RATE 
The uncertainty of steady state wear rate was found through Monte Carlo simulations. 
Based on the error bars in the wear volume vs Force X Sliding distance plot, 100,000 sets of 
simulated wear data points were created. Trend line fitting was done for all the sets of simulated 
data points. The average of the slopes of all the trend lines represents the final steady state wear 
rate and the standard deviation of the slopes represents the uncertainty in the wear rate. Figure 15 
shows the Monte Carlo simulation results for the operator side sample. Figure 16 shows the Monte 




Figure 15. Steady state wear rate uncertainty for the operator side disc 





4.1.6 FRICTION COEFFICIENT AND ITS UNCERTAINTY  
 Once the average friction coefficients of all the intervals of the experiment were found, the 
overall average friction coefficient of the experiment was calculated by averaging the average 
friction coefficients of the intervals. The standard deviation of the average friction coefficients of 
intervals is the uncertainty of the overall average friction coefficient of the experiment. Since the 
torque sensor is mounted on the operator side motor, the operator side sample was used for friction 
coefficient calculation. Table 9 lists the friction coefficient results for experiment 1.  









   
Where: 
IntAvgT  is the average of torques measured by the torque sensor over the interval 
IntAvgW  is the average of normal load measure by the load cell over the interval  
IntAvgR  is the average of sample’s radius over the interval  








=   
Where: 
IntStartR  is the sample’s radius at the start of the interval  
IntEndR  is the sample’s radius at the end of the interval  
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IntEndR R a= −   
Where: 
R  is the radius of the sample before the start of the experiment  
a is the wear track width of the sample at the end of the interval 
Table 9. Friction coefficient results for experiment 1 
Intervals a(m) 
IntEndR (m) IntAvgR (m) IntAvgW (m) IntAvgT (Nm) IntAvg  
1 0.00128 0.04200 0.04200 91.89446 0.34570 0.08957 
2 0.00142 0.04199 0.04199 92.51631 0.74456 0.19164 
3 0.00181 0.04199 0.04199 94.28351 1.27023 0.32083 
4 0.00225 0.04198 0.04199 91.79790 1.23020 0.31917 
5 0.00309 0.04197 0.04198 87.75572 1.39136 0.37769 
6 0.00443 0.04194 0.04196 85.08525 1.31345 0.36793 
7 0.00553 0.04191 0.04193 91.54998 1.40543 0.36616 
8 0.00747 0.04183 0.04187 93.74193 0.86463 0.22028 
 








4.2 RESULTS – ALL EXPERIMENTS  
4.2.1 STEADY STATE WEAR RATES  
 Following the same procedure as that of the experiment 1, the remaining 12 
experiments were also done. Images taken during the experiments were used to measure wear track 
width, wear volume, wear rate and it’s uncertainty for each experiment. Figure 17 shows steady 
state wear rates of all experiments in a bar chart.  Table 10 lists the steady state wear rates of all 
the experiments. These steady state wear rates agree with other literature values [22].  
























Steady state wear rate 
uncertainty(mm3/Nm) 
1 1.64E-03 2.33E-04 1.48E-03 2.23E-04 
2 1.01E-04 4.20E-05 1.04E-04 1.90E-05 
3 4.55E-04 2.30E-04 4.49E-04 1.32E-04 
4 6.05E-04 1.56E-04 5.99E-04 1.78E-04 
5 1.32E-03 2.00E-04 1.68E-03 1.38E-04 
6 6.44E-04 9.20E-05 6.20E-04 1.06E-04 
7 1.30E-03 1.81E-04 9.00E-04 2.05E-04 
8 1.40E-03 1.23E-04 1.00E-03 2.65E-04 
9 1.41E-03 2.17E-04 1.52E-03 1.27E-04 
10 1.38E-03 1.15E-04 1.11E-03 2.19E-04 
11 2.28E-03 7.67E-04 2.03E-03 7.16E-04 
12 6.83E-04 7.30E-05 6.85E-04 6.00E-05 







4.2.2 FRICTION COEFFICIENTS  
 Average friction coefficients of the last four intervals of all experiments were found. Table 
11 shows the friction coefficients and their uncertainties of all the experiments. The average 
friction coefficients were plotted against average normal loads for different slip % (Figure 18).  
Table 11. Average friction coefficients of last four intervals of experiments 







1 1 89.53 3.86 0.33 0.10 
2 5 88.70 2.29 0.53 0.14 
3 1 360.92 12.98 0.27 0.09 
4 5 177.65 3.64 0.58 0.21 
5 1 222.98 5.58 0.33 0.05 
6 3 231.71 4.68 0.55 0.18 
7 3 89.49 0.68 0.63 0.05 
8 3 166.52 11.20 0.45 0.04 
9 1 168.37 5.67 0.40 0.14 
10 1 291.58 4.65 0.28 0.07 
11 1 121.56 2.62 0.34 0.03 
12 3 123.19 3.48 0.58 0.05 






Figure 18. Friction coefficients vs normal load at different slip % 
4.3 WEAR TREND     
 Steady state wear rates were plotted against average normal loads at different slip %. Figure 
19 shows the plot for the operator side disc. It can be seen from the plot that wear rates of 
experiments with 1% slip are higher than the wear rates of experiments with 3% slip and similarly 
the wear rates of experiments with 3% slip are higher than the wear rates of experiments with 5% 
slip. In other words, lower sliding velocity has resulted in higher wear rate. This result is contrary 
to what would be expected from pure sliding contact. In pure sliding, wear rate is directly 
proportional to the sliding velocity [23]. In pure sliding, the total distance travelled is just the 
sliding distance which can remain same for different sliding velocities. However, in combined 
rolling and sliding contact, depending on the sliding/slip velocity the total distance travelled would 
either increase or decrease for a constant sliding distance. In our case, the combined rolling and 
sliding distances were 150,000 m, 50,000 m and 30,000 m for 1, 3 and 5% slip respectively 
[Appendix C]. Converting these distances to duration, the durations of 1, 3 and 5 % slip 
experiments were 94.74, 23.68 and 13.53 hours respectively. This shows that the duration of 
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experiments had significant impact on the wear rates. Figure 20 shows the plot for the loading side 
disc which also has the same trend.  
Figure 19. Steady state wear rate vs Normal load at different slip % (Operator side). The data 
labels indicate the experiment number 
Figure 20. Steady state wear rate vs Normal load at different slip % (Loading side). The data 
labels indicate the experimental number  
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CHAPTER 5: CONCLUSIONS 
 
• A twin disc tribometer was designed and built for studying wear and friction of hardened 
1060 steel under rolling and sliding contact.  
• A matrix of experiments with varying normal loads and slip speeds were conducted on 
hardened 1060 steel samples.  
• Wear rates of samples were measured which fall within the reasonable range of literature.  
• Wear trend showed that for a constant sliding distance covered under a rolling sliding 



















APPENDIX A: CONTACT MECHANICS 
A.1 CIRCULAR CONTACT  
At the beginning of an experiment, the contact between two samples is a circular contact. 
Thus, the Hertz contact model for two convex surfaces can be used to find contact area and contact 
pressure [24].   





=   












W  is the normal load [N]; 
'E  is the reduced Young’s modulus [Pa]; 
'R  is the reduced radius of curvature [m]. 














ov  and lv   are the Poisson’s ratios of the operator side and loading side samples respectively 
oE and lE  are the Young’s moduli of the operator side and loading side samples respectively 
In our case, Young’s moduli and Poisson’s ratio of the two samples are same.  
steelE = 210 GPa and steelv = 0.3  
Thus, 'E  = 230 GPa. 
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oR  and lR   are the radii of the operator side and loading side samples respectively. In our 
case, 
oR = lR  = 0.042 m 
Thus, R’ = 0.0105 m.  
Example: Experiment 1  
Normal load W = 70.1 N  
Substituting all the values in the above formulae, we get the following results. 
Radius of circular contact area = 0.00021 m 
Average contact pressure = 494 MPa.  
A.2 RECTANGLE/LINE CONTACT  
At the end of each interval in an experiment, the contact between two samples is a line or 
rectangle contact. The Hertz contact model for two parallel cylinders can be used to calculate 
contact area and contact pressure [24]. 





=   












l is the half length of the contact rectangle [m]; 
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'R   is the reduced radius of curvature [m]; 
The reduced radius of the curvature is defined as 
'
1 1 1
o lR R R
= +   
Where: 
oR  and lR   are the operator side and loading side samples respectively. 
'E  is the reduced Young’s moduli of the two contacting bodies. This is same as that of the 
circular contact.  
In our case, the length of the rectangle contact is the wear track width.  
Thus, 2l = a, where a is the wear track width  
Thus, R’ = 0.021 m  
Example: Experiment 1  
At the end of eighth interval 
Average normal load W = 93.74 N 
Track width 2l = 0.0072 m  
Substituting these values in the above formulae, we get the following results 
Rectangle contact width 2b = 0.0001 m  





APPENDIX B: WEAR VOLUME ESTIMATION 
As the samples wear out over the course of experiment, wear tracks are formed on both 
operator and loading side discs. Wear track widths are measured using image processing. Wear 
track width is named as “a”. Wear volume loss can be measured from the wear track width using 
a formula derived below.   
Figure 21. Wear track width and wear volume geometry 
By referring to the Figure 21, 
Wear volume is the volume swept by the circular segment ABC revolving around the axis XX. 
Wear volume is defined as   2V R=    
Where: 
   is the area of circular segment ABC  








R   = −   
Where: 
   is the central angle of ABC  
R   is the radius of disc   
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−
  































APPENDIX C: SLIP SPEED AND COMBINED ROLLING AND SLIDING DISTANCE 
The combined rolling and sliding distance was calculated based on the speed of the 
operator side motor.  







=    
Where: 
N is the RPM of the operator side motor  
r is the radius of the operator side disc 
The combined rolling and sliding distance was defined as  
rs MOd V t=    
Where: 
t is the total duration of an experiment 
Example: Let’s consider experiment 2 which was run with 5% slip. The loading side motor was 
run at 135 RPM while the operator side motor was run at 142 RPM. The radius of both the discs 
was 0.042m. The experiment was run for 13.53 hours (48708 s). 
Linear velocity of the operator side motor MOV = 0.62 ms
-1 
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